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ABSTRACT 
Fouling rates in refinery heat exchangers with mixed organic/inorganic deposits (frequent in 
practice) are estimated using a comprehensive model-based thermo-hydraulic methodology 
combining data-driven measurements analysis with advanced models. An industrial case study for a 
heat exchanger over 4-years demonstrates the method. Following an analysis of the fouling state, the 
dynamic analysis here estimates organic and inorganic fouling rates using constant or time-varying 
proportionality ratios. Base-line organics deposition rate is described by a typical correlation, 
inorganics deposition as a perturbation with constant or time-varying proportionality ratios. 
Deposition rate parameters are estimated from measured pressure drops and validated against 
temperatures. Results show that: the deposition rate ratio varied substantially over time, revealing 
acute inorganic deposition periods; accounting for inorganics explains well both thermal and 
hydraulic performances; the time-varying ratio provided a good fit of the data; this is a highly 
promising new method for predictive monitoring, detection and diagnosis of fouling.  
INTRODUCTION 
The efficient use of energy remains a key issue in all chemical industries. Energy integration and 
recovery by means of extensive heat exchanger networks are effective ways to maximize the use of 
energy available within process streams and reduce operating costs. However, unwanted deposition of 
material on heat transfer surfaces (fouling) dramatically reduces heat exchangers efficiency leading 
not only to greater external utilities consumption, but also to operational problems, reduced 
throughput, and periodic shutdown of individual or entire units for cleaning. This is particularly 
important in the crude distillation unit of refineries, where extra fuel consumption, reduced production 
and CO2 emissions translate in losses in the order of millions of dollars per annum1,2. 
To minimize fouling and increase energy efficiency, it is necessary to rapidly monitor its 
occurrence, diagnose the underlying causes leading to deposition, link them to measurable operating 
conditions, reliably predict the future performance of heat exchangers as fouling builds up and 
ultimately, inform suitable strategies for manipulating controllable operating variables so as to 
mitigate its formation or effects. The analysis of fouling should ideally use primary measurements 
and/or derived, reliable fouling indicators to reveal variations and characteristics of fouling over time, 
its dependence on process variables, and effects on performance. For industrial applications, the aim 
is to develop predictive models capable of anticipating future performance, thereby enabling the 
optimisation of cleaning schedules and other mitigation remedies1,3–6. The first step in any such 
scheme is to establish with confidence the current fouling conditions of an exchanger from the 
analysis of available data.  
The analyses of fouling state and fouling rate in crude oil preheat trains are usually performed by 
means of the thermal fouling resistance (Rf), calculated the from temperature and flowrate 
measurements, and the rate of change in fouling resistance (dRf/dt), respectively. With respect to the 
fouling state, Rf has the disadvantage of not providing independent information about the deposit 
thickness, composition, and history7, as well as other disadvantages pointed out by several authors 8–
10). With respect to the fouling rate, most past works focused on development and fitting of semi-
empirical models for chemical reaction fouling that relate dRf/dt to process conditions (e.g. 6,9,11–16). 
Extensive reviews on the subject can be found in the literature 10,17–19. This mechanism, traditionally 
considered to be dominant in crude oil fouling, assumes the build-up of organic deposits over long 
periods of time (months, years). The thermal conductivity of such deposit has therefore been assumed 
to be within the range recommended for organic hydrocarbon deposits (e.g. 20,21), based on which, in a 
few modelling studies investigating the hydraulic impact of crude oil fouling (e.g. 14,22,23), the Rf was 
used to estimate the deposit thickness and its impact on the pressure drop. As discussed later in this 
section, ref.24 highlighted how this approach may be not just inaccurate in predicting both fouling 
state and pressure drops, but also misleading (see also discussions in refs.24–26). 
A more comprehensive method for fouling analysis based on plant data was presented by Diaz-
Bejarano et al. 26 which includes two main stages: i) analysis of fouling state; ii) analysis of fouling 
rate. The analysis is based on applying advanced deterministic models of shell-and-tube heat 
exchangers undergoing fouling in combination with thermo-hydraulic measurements. The application 
presented is to crude oil refining, however the method is generally applicable to fouling in heat 
exchangers. Diaz-Bejarano et al. 7 presented an application of stage i), analysis of fouling state, to a 
comprehensive industrial case study involving a pre-flash, post-desalter (PDPF) heat exchanger, over 
a four year period, showing that extent, characteristics and transformations of fouling deposit over 
time could be well characterised. The combined use of temperature, flowrate and tube-side pressure 
drop measurements, together with the advanced modelling framework, allowed obtaining the time 
variation of the apparent deposit thickness and conductivity, shown in Figure 1 (the apparent 
terminology is used to indicate quantities which lump into a single number, the overall average of a 
spatially distributed, heterogeneous deposit). For the case considered, this analysis led to two key 
conclusions. First, the time-profile of the estimated deposit thickness indicated an overall falling 
shape in the deposit growth, but with several acute deposition periods detected. Second, it revealed 
that the apparent deposit thermal-conductivity varied over time, indicating a non-homogeneous 
deposit in nature. These two aspects convey considerable additional useful information compared to 
those derived from traditional fouling resistance-based analyses (see reviews in refs.24,26,27) which 
cannot cope with changes in foulant composition and reliably differentiate between periods of 
different fouling propensity. 
In ref.7, the deposit was modelled as a binary mixture of low-conductivity organic and high-
conductivity inorganic materials. The deposition of layers with distinct inorganic-organic proportions 
in different periods was identified as the underlying cause of the time-variation in apparent 
conductivity. Inorganic materials, often present in crude oil fouling deposits9,28–34, are characterized by 
higher conductivity (1-5 W/mK) than organic matter (0.15-0.25 W/mK and up to 1W/mK if aged), 
based on literature values 3,35–37. Using the multi-component deposit model by Diaz-Bejarano et al.27, 
a radial conductivity profile of the deposit was reconstructed, which was translated in turn into a 
radial concentration profile using suitable thermal-conductivity mixing models. Figure 2(a), obtained 
with two thermal-conductivity mixing models (EMT and CC), showed that the deposit is not uniform 
but grows in layers of different compositions. Similar to growth rings in a tree, the deposit layers thus 
reflect the operation and deposition history. Layers with greater concentration of inorganics were 
shown to form simultaneously as the acute fouling episodes previously detected. Newer layers 
contained gradually less inorganics, creating a heat transfer limiting effect at the top of the layer, 
leading to a decreasing trend in the apparent thermal-conductivity (Figure 1). Results of this data-
driven analysis were well supported by experimental characterization of the deposits collected when 
the exchanger was opened after four years of operation. In particular, the concentration profiles 
obtained from the local conductivity profile with the EMT and CC thermal-conductivity mixing 
models, shown in Figure 2(a), provided surprisingly good agreement with the experimental analysis of 
the radial concentration distribution of inorganic and organic matter through the deposit. The average 
inorganic content estimated with the EMT and CC models was 49.5wt% and 52wt%, respectively, 
while the chemical characterization of the deposits collected during the shutdown of the double-shell 
exchanger at the end of that same period revealed an average inorganic content between 55-61.7wt%. 
Increased conductivity of crude oil fouling deposits with high inorganic content and formation of 
complex layering structures following “abnormal” deposition events were anticipated by Diaz-
Bejarano et al.24 in a simulation paper. There, it was highlighted that ignoring the presence of 
inorganic foulants when assessing/predicting the thermo-hydraulic performance of heat exchangers 
may lead to significant deviations of model responses from the actual fouling behaviour and to the 
poor/wrong detection of abnormal fouling events. The path towards the development of new model-
based monitoring systems was outlined, whereby a) predictive fouling rate models would provide the 
expected fouling behaviour and exchanger performance under normal situations and b) a comparison 
of such predicted baseline with actual thermo-hydraulic measurements could then help detect 
abnormal situations. A useful visualization of all these effects and interactions was achieved using the 
TH-λ plot 38,39. 
This paper presents an industrial application of the second stage of the methodology suggested 
previously26, in particular the analysis of fouling rate, in the same PDPF heat exchanger studied by 
Diaz-Bejarano et al.7. Such analysis aims at characterising the deposition rates and is performed in 
two sequential steps 26: 
• Step ii-1. selection of deposition rate model 
• Step ii-2. estimation and testing of fouling parameters in the deposition rate models from 
available plant measurements.  
(Previous analysis steps presented in 7, included: i-1. system definition; i-2. data filtering and 
error analysis; and i-3. dynamic analysis of fouling state).  
The aim here is to demonstrate via a demanding industrial case study, the ability to identify 
mechanistic deposition models that simultaneously capture the observed gradual decay in both 
thermal and hydraulic performance.  
One of the main challenges addressed in this work is the description of deposition rates for mixed 
organic-inorganic species from crude oil. Although some progress in understanding deposition in such 
conditions has been achieved in recent years 34,40,41, modelling of the kinetics for inorganics deposition 
is almost unexplored. Furthermore, detailed description of deposition of multiple fouling species, 
following multiple mechanisms, would require a detailed compositional characterization of the oil. 
Unfortunately, this information is often unavailable in industrial plants (or only available in details 
insufficient to establish a relationship with confidence; or inaccessible due to confidentiality reasons).  
In the absence of reliable mechanistic deposition models for inorganics in crude oil, a pragmatic 
approach proposed previously24 is followed here. This involves using a typical crude oil fouling 
correlation to describe the deposition rate of the organic foulant (as function of operating conditions) 
and an inorganic-to-organic deposition rate proportionality ratio (either fixed or time-varying) to 
calculate the deposition rate of the inorganic species.  
This paper is organized as follows. In Section Modelling Framework, the general modelling 
framework used is briefly introduced to the reader. Section Deposition rate model for mixed 
inorganic-organic deposition describes a deposition rate model for mixed organic-inorganic 
deposition, with several alternatives, whereby the inorganic deposition rate is viewed as a disturbance 
with respect to a baseline provided by a reference deposition rate. Section Case Study: Thermo-
hydraulic Analysis of Fouling Rate presents the results of the industrial case study. First, the results 
from the analysis of the fouling state (mentioned above) are used to obtain the apparent fouling rate 
and the inorganic-to-organic proportionality ratio. Step ii-1. selection of deposition rate model 
discusses how this enables to elucidate the likely succession of events, possible deposition 
mechanisms and how these relate to the deposition models proposed. In Step ii-2. estimation and 
testing of fouling parameters, the deposition model, with its various alternatives, is fitted to plant data, 
for the industrial case study. The results are compared with the measured data, followed by a 
discussion of the potential of the method for monitoring organic and inorganic fouling and some 
concluding notes.  
MODELLING FRAMEWORK  
The modelling framework used includes i) the dynamic, distributed heat exchanger model by 
Coletti and Macchietto42 - implemented in Hexxcell StudioTM 43; ii) the multi-component deposit 
formulation by Diaz-Bejarano et al. 27 and iii) several deposit thermal-conductivity mixing models, 
introduced in ref.7. The main equations in the heat exchanger and deposit models (refs.7,27,42,44–46) are 
summarized in Table 1. While in ref.7 the deposit characteristics were extracted from plant data, here 
the models are solved using a “prediction” solution type 26 from which:  
a) the amount and composition of the material building up on top of the old layer is given by 
a deposition model (which determines the deposit thickness and boundary condition in the 
mass balance equations in Table 1); 
b) the results from a) determine the evolution over time of the deposits characteristics, i.e.  
layer thickness and local thermal-conductivity; 
c) the exchanger thermo-hydraulic performance (heat duty and tube-side pressure drop) is 
calculated over time, determined by the characteristics of the deposit and the operating 
conditions of the inlet streams.  
The deposit is represented as a continuum composed of differential sublayers in the radial 
direction. Each differential element is characterized by the concentration of various fouling species, 
which determines the physical properties of that deposit zone (e.g. the local thermal-conductivity). 
This approach assumes that the elements composing the deposit microstructure (e.g. particles, pores, 
etc.) are of much smaller size than the deposit itself. Furthermore, for a given axial location in a tube, 
deposition rate and deposit are assumed to be axisymmetric, i.e. symmetric in the angular direction. 
These assumptions reasonably agree with the experimental results presented in ref.7, where slices of 
intact deposit were analysed with Scanning Electron Microscopy equipped with Energy-Dispersive X-
ray spectroscopy at several angular locations. Apart from fouling composition, the deposition rate is 
also a function of operating conditions and is calculated locally in the axial direction, i.e. the variation 
in deposit thickness differs along the tubes and for each pass in the heat exchanger.  
Based on ref.7, the deposit is modelled as a mixture of two pseudo-components: a low-
conductivity organic (λorg=0.2 W/mK) and a high-conductivity inorganic material (λinorg=4 W/mK). 
The organic phase includes the overall contribution of organic carbonaceous deposits, including small 
quantities of free oil that could be trapped in the pores of the deposit structure. The inorganic phase 
includes the overall contribution of all inorganic species. The local conductivity (𝜆𝑙(𝑧, ?̃?𝑙)) is then 
calculated as function of the local proportion of the organic and inorganic fouling phases at each point 
in the deposit (𝑥𝑙,𝑖(𝑧, ?̃?𝑙)) using the two thermal-conductivity mixing models that provided better 
results in ref.7: the Effective Media Theory (EMT) and the Co-continuous model (CC) 47 (see 
equations in Table 1). 
DEPOSITION RATE MODEL FOR MIXED INORGANIC-
ORGANIC DEPOSITION 
The proportionality approach to model the mixed inorganic and organic deposition 24 is extended 
to allow simulating distinct relationships between the deposition rates of the two pseudo-components.  
First, the total net deposition rate (nf [=] kg m-2 s-1), at an axial location z of tube-pass n, is 
defined as: 
𝑛𝑓,𝑛(𝑧) = 𝑛𝑓,𝑖𝑛𝑜𝑟𝑔,𝑛(𝑧) + 𝑛𝑓,𝑜𝑟𝑔,𝑛(𝑧) (1) 
where nf,inorg and nf,org are the deposition rates of the inorganic and organic components, respectively. 
The deposition of inorganics is modelled assuming a proportionality of an inorganic pseudo-
component (representing the overall contribution of all inorganic species) with respect to the organic 
deposition: 
𝑛𝑓,𝑖𝑛𝑜𝑟𝑔,𝑛(𝑧) = 𝑝𝑖𝑛𝑜𝑟𝑔𝑛𝑓,𝑜𝑟𝑔,𝑛(𝑧)𝜌𝑖𝑛𝑜𝑟𝑔/𝜌𝑜𝑟𝑔 (2) 
where ρ is the density of the corresponding pseudo-component and pinorg is the proportionality ratio. 
The proportionality ratio, pinorg, thus describes the inorganic deposition rate as a “relative” rate with 
respect to the organic deposition rate. Such approach is often used in modelling, for example, in 
Arrhenius-type rate models 48. In principle, the proportionality ratio is not constant, nor known a 
priori.  
In 24, a constant proportionality ratio was imposed a-priori, with values chosen parametrically in 
order to simulate a number of scenarios of interest. Here, the approach adopted is to obtain this ratio 
from measured plant data. The local composition at each deposit depth is a consequence of the 
relative deposition rate of inorganics and organics at the time when that deposit is settled. 
Consequently, an inorganic-to-organic deposition rate proportionality ratio can be calculated directly 
from the concentration profile in Figure 2(a). The deposition rate ratio for the inorganic portion, pinorg, 
at each point in the deposit radial profile, representing the overall contribution to the volume-based 









Finally, a typical crude oil fouling correlation is used as a baseline for the fouling dynamics. In 
particular, the functional form of the threshold model by Panchal et al. 12 is adopted for the baseline or 







) − 𝛾′𝜏𝑤,𝑛(𝑧) (4) 
where Re is the Reynolds number, Pr the Prandtl number, Tfilm the film temperature, τw the wall shear 
stress (at surface of the deposit), z the axial coordinate, n the pass number, and α', Ef, γ' are three 
adjustable parameters. This correlation is widely accepted in describing chemical reaction fouling in 
oil systems where such fouling mechanism is typically assumed for organic deposition. It is worth 
noting that this was originally derived based on some assumptions about the likely rate-limiting steps 
in a reaction/transport mechanism, so its interpretation as a deposition “rate” rather than as a thermal 
resistance is appropriate. Acknowledging other possible scenarios, in the simplest case we have 
𝑛𝑓,𝑜𝑟𝑔(𝑧) = 𝑛𝑟𝑒𝑓,𝑛(𝑧), i.e. the organics deposition rate is given by the reference baseline, the 
approach adopted in ref. 24, but other situations are possible. Three alternative relative deposition 
models are considered here and tested in the case study:  
1) Uniform mixture approximation:  
A uniform binary organic-inorganic mixture is assumed to represent the deposit average 
properties. This may be interpreted as assuming a single, combined fouling mechanism for both the 
organic and inorganic portions, i.e. a deposit with uniform composition (e.g. as in 34). Assuming 
further that the combined mechanism deposition rate depends on operating conditions according to 
Eq. (4) and that the inorganic-organic proportionality ratio is constant, we have: 
𝑛𝑓,𝑜𝑟𝑔 = 𝑛𝑟𝑒𝑓          ;            𝑝𝑖𝑛𝑜𝑟𝑔 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (5) 
 
2) Time-varying inorganic-to-organic deposition ratio with independent mechanisms:  
This system is modelled as a binary organic-inorganic mixture with time-varying, rather than 
constant, deposition proportionality ratio. The organic deposition rate is assumed to be well described 
by the Ebert-Panchal correlation and to mainly depend upon temperature and shear rate (in other 
words, it follows a chemical reaction mechanism). The inorganic pseudo-component is assumed to 
deposit according to Eq. 2, with the pinorg time profile being obtained from the dynamic fouling 
analysis of plant data (Figure 2a, Eq. 3). This implies that inorganics deposition not only follows a 
similar dependence on temperature and shear as the organics, but also depends on other unknown 
factors that are responsible for deviations from the main trend (e.g. acute deposition periods). 
Moreover, it implies that the organic deposition is independent of the inorganics concentration. 
Consequently: 
𝑛𝑓,𝑜𝑟𝑔 = 𝑛𝑟𝑒𝑓          ;            𝑝𝑖𝑛𝑜𝑟𝑔 = 𝑝𝑖𝑛𝑜𝑟𝑔(𝑡)  (6) 
 
3) Time-varying inorganic-to-organic deposition ratio with reinforcing interaction:  
Here, as in the deposition model 2) above, a binary organic-inorganic mixture with time-varying 
deposition proportionality ratio is assumed, with the inorganic pseudo-component depositing 
according to the same pinorg time profile. The organic deposition rate is assumed to be well described 
by the Ebert-Panchal correlation, as before, although reinforced by the presence of inorganics. This 
means that the overall deposition rate of organics increases in the presence of inorganics, either 
because the inorganic species directly promote chemical reaction, as reported for iron species in 49,50, 
or because organic deposition follows several routes (e.g. chemical reaction and the combined 
inorganic-organic deposition mechanism proposed by Mozdianfard and Behranvand 34). Inorganic 
deposition and its promoting effect on organic deposition are regarded here as a disturbance to the 
system. The additional organic deposition rate due to the presence of inorganics (nf,org,i/o) is also 
assumed to be proportional to the deposition rate of inorganics by means of a constant pi/o, which is 
treated as an additional adjustable parameter, i.e.: 
𝑛𝑓,𝑜𝑟𝑔 = 𝑛𝑟𝑒𝑓 +  𝑛𝑓,𝑜𝑟𝑔,𝑖/𝑜 = 𝑛𝑟𝑒𝑓 +  𝑝𝑖/𝑜𝜌𝑜𝑟𝑔
𝑛𝑓,𝑖𝑛𝑜𝑟𝑔
𝜌𝑖𝑛𝑜𝑟𝑔
   ;      𝑝𝑖𝑛𝑜𝑟𝑔 = 𝑝𝑖𝑛𝑜𝑟𝑔(𝑡)  (7) 
CASE STUDY: THERMO-HYDRAULIC ANALYSIS OF 
FOULING RATE  
The industrial case study focuses on the 2-shells, multiple passes, shell and tube PDPF exchanger 
E155AB in the field study conducted by Mozdianfard and Behranvand 34,51. Desalting performance, 
water injection, brine chloride hydrolysis, caustic injection, asphaltenes solubility dependence on 
temperature variation, and its molecular structure as a surfactant agent were identified as effective 
factors contributing to deposition of severe, tenacious and stable foulant on the tube surfaces. The 
main step of a special mechanism proposed for this combined fouling of organic and inorganic matter 
was the formation of insoluble associations of CaCO3 compounds surrounded by asphaltene 
molecules on which iron sulphide particulates are adsorbed. Background information on the case 
study is also reported elsewhere.7,34. Plant data available for the study include measurements of tube-
side pressure drop, temperature and flowrate measurements over about four years (1256 days) of 
operation. At the end of the period, the exchanger was dismantled, some tubes cut open and the tube-
side deposit measured and analysed, as described in ref.7. 
Apparent fouling rate and Inorganic-to-organic ratio 
In this section, results from the data-driven analysis of fouling state presented in ref.7 are used to 
calculate the tube-side apparent fouling rate and the inorganic-to-organic ratio over time, aiming to 
identify how fouling built up on the tube-side of E155AB and the potential relationships between 
deposition rate, presence of inorganics and various operating conditions. 
An apparent net deposition rate (dδa/dt) is hence calculated as the first derivative with respect to 
time of the apparent thickness time profile (Figure 1). Such net deposition rate is shown in Figure 3(a) 
for the entire four years of operation. Due to scattering of the data, a 40-days moving average was 
used to visualize the underlying trend, shown as a continuous line in Figure 3a. It is worth noting that 
this fouling rate was calculated based on the apparent deposit thickness, estimated using tube-side 
pressure drops. Therefore, it can be directly interpreted as a deposition rate, as opposed to the usual 
indirect approach, based on thermal fouling resistances. This deposition rate is not by any mean a 
monotonic decaying function; it contains several peaks when the fouling layer grows more rapidly 
(indicated with arrows at the top of Figure 3), with periods in between fluctuating around zero. The 
main peak marked with Arrow 2 corresponds to the main acute fouling episode observed in the 
apparent thickness profile in Figure 1. If peaks are ignored, a weak overall decreasing trend may be 
distinguished. We conjectured that these peaks could be related to inorganic breakthrough from the 
desalter, however insufficient records were available in the plant for this to be unequivocally 
confirmed by the operators. Several analyses that help infer the nature of the peaks are presented in 
the following. 
The inorganic-to-organic deposition rate proportionality ratio, pinorg, was calculated using Eq. 3, as 
explained in Section Modelling Framework. The results are shown in Figure 2(b) for the CC and EMT 
conductivity models, the two mixing models that presented the best agreement with the experimental 
analysis of the deposits. As observed in Figure 2(a), the concentration profile is not uniform through 
the layer. In particular, there is a portion of deposit with very high inorganic content between 0.8-1.5 
mm from the tube wall surface. Other two smaller portions of the deposit with high inorganic content 
are also observed at about 0.5 mm and 2.3 mm from the tube wall. The choice of conductivity model 
has a strong impact on the calculated relative deposition rate ratio, as each model gives different 
weight to the larger conductivity of the inorganic fraction. However, both models identify peaks in the 
same positions. In a refinery environment, the sensitivity of the deposition rate ratio would be 
important to detect low levels of inorganics. A better resolution in the choice of model could possibly 
be achieved by analysis of deposit carefully obtained in controlled laboratory conditions. 
As discussed earlier, the local composition, hence the local pinorg, at each deposit depth is a 
consequence of the relative deposition rate of inorganics and organics at the time when that deposit is 
settled. Using the tracking capabilities of the deposit model (Table 1), the final radial profile of pinorg 
can be transformed into a time profile, providing information on the inorganic-to-organic deposition 
ratio, as fouling is built-up. Figure 3(b) shows the time profiles of the inorganic-to-organic deposition 
rate ratio obtained with the EMT and CC models. The figure evidences a main and other two 
secondary peaks of pinorg, which correspond to the three sub-layers of deposit presenting high 
inorganic content, mentioned above. A comparison of the results with the apparent deposition rate 
profile (Figure 3a) shows that the maxima in deposition rate overlaps clearly with inorganic-
dominated deposition periods. Therefore, alternate acute deposition of inorganic salts and chronic 
organic/inorganic deposition may reasonably be identified as the underlying fouling mechanisms.  
The causes leading to acute inorganic deposition might therefore be related to high concentration 
of inorganic particles or precursors associated with several underlying factors mentioned above. The 
only information available in that regard was the salt content in the oil leaving the desalter and 
entering the exchangers, which was measured once or twice a week during the operating period. 
These salt content measurements, accounting for such ions as Na, Ca or Mg (species such as Fe are 
not accounted for) are plotted in Figure 3(c) as a moving average based on 5 data points (continuous 
line, together with measured points with statistically significant high salt content - above the 95% 
confidence interval). These points are significant, as the corresponding 3-4 days period with very high 
salt concentration could be the cause of acute fouling. Again, peaks in the salt content moving average 
and points with significantly high salt content seem to broadly overlap with those in the calculated 
deposition rate. At the time of the greatest fouling rate peak (arrow 2), however, salt content does not 
show significantly higher values compared to the others. Therefore, these results do not conclusively 
indicate direct influence of salt content on the deposition rate and hence, more regular measurements 
(perhaps daily) of salt, rate of injected water and caustic, and where possible Fe and S contents could 
be useful. 
Other factors taken into consideration are the calculated wall shear stress and film temperature 
under fouled conditions (accounting for the deposit thickness), shown in Figure 3(d, e) for the entire 
operating period. Shear stress increases over time due to the increase in deposit thickness. Ignoring 
the peaks, the increasing trend in shear stress may explain the underlying weakly declining trend in 
the fouling rate, as this is consistent with the inverse relationship between those two variables in 
typical crude oil fouling correlations (e.g. Eq. 4). However, the shear stress profile does not show any 
special features (e.g. very low values) during the fast deposition periods that could explain such 
changes in behaviour. On the other hand, the later increase in shear stress could well explain the 
progressively smaller intensity of the acute deposition episodes, particularly after Arrow 2: during the 
initial stages, the tube is relatively clean, shear stress is relatively low and deposition is facilitated; as 
deposit builds up, shear stress increases, which could limit deposition either by suppression or 
removal 25. 
Temperature is also likely to play an important role in the deposition rate of organics (e.g. in 
asphaltene solubility) and some inorganic salts (e.g. in brine chloride hydrolysis). However, as for 
shear stress, no special temperature condition was detected, by visualizing the data series during the 
fast deposition periods, which could explain such changes in behaviour as illustrated in Figure 3(e). 
Finally, particle attachment also depends on the type of surface and its mechanical properties. The 
state of the tube wall surface (roughness, corrosion) is likely to influence heavily the initial stages of 
deposition.  
Step ii-1 – Selection of deposition model 
Based on the above analysis, four stages or sub-periods are identified:  
i) initial development of the deposit layer with intermediate content of inorganics;  
ii) acute deposition of inorganic particles (indicated by arrow No. 2 in Figure 3);  
iii) intermediate stage (from arrow 2 to arrow 3 in Figure 3), during which deposition of salts 
correlates well with salt content, however high shear stress begins to limit deposition;  
iv) final period (after arrow 3 in Figure 3), during which the high shear stress reduces 
significantly salts deposition, and chronic organic fouling seems to be the main 
mechanism.  
The results indicate clearly that deposition rates of organic and inorganic foulants depend 
differently on operating conditions (e.g. temperature, shear stress, concentration of precursors).  This 
may involve various underlying processes: 
a) Single combined organic-inorganic deposition mechanism (e.g. as in 34), but with organic 
and inorganic species having different propensity to removal by shear stress (i.e. inorganic 
particles are removed more easily at high shear stress). Such “replenishment” of fouling 
deposits has proven to occur in other industrial systems (e.g. 52). 
b) Multiple concurrent fouling mechanisms including those responsible for individual 
organic (e.g. chemical reaction fouling 21), inorganic fouling (e.g. particulate fouling 53,54), 
or combined organic-inorganic mechanism (e.g. 34), depending to different extent on 
operating conditions. 
The results indicate that, out of the deposition rate configurations proposed in Section Deposition 
rate model for mixed inorganic-organic deposition, the system is better described by those with time-
varying pinorg (Eqs. 6, 7). This is explored in the next section, where all proposed configurations are 
tested against plant data for the same heat exchanger.  
Step ii-2. Estimation of fouling parameters 
The unknown parameters in each of the selected deposition rate models are estimated using the 
advanced parameter estimation facility, based on the Maximum Likelihood approach (MAXLKHD 
solver), available in the solution platform 55 underlying Hexxcell Studio. Before presenting the results, 
some preliminary notes on the procedure are needed.  
First, the baseline deposition model (Eq. 4) involves three unknown parameters (α', Ef, γ'). The 
Arrhenius formulation in Eq. 4 was rearranged to its linear form to reduce the correlation between 
pre-exponential factor and activation energy56. Despite this, α' and Ef were still found to be highly 
correlated, hence, Ef was fixed to a typical value of 28.5 kJ/mol (14,26,42) in order to reduce the over-
parameterization of the system, and only α' and γ' were estimated.  
Second, the fouling parameters estimation was performed by fitting the full dynamic, 2D 
distributed model to tube-side pressure drop measurements, instead of temperatures. The reasons for 
this are:  
a. Tube-side pressure drop measurements were provided throughout the operating period, which 
are independent of those on the shell-side. An analysis of the measurement variability led to a 
constant variance model with σ = 0.22 bar. 
b. Thermal measurements (exit temperatures) are implicitly used by selecting the proportionality 
constant. They were used to check the goodness of fit rather than estimating the fouling 
parameters.  
Temperatures, flowrates and pressure drop measurements were taken as the measured daily 
values. A preliminary analysis is first provided below in which the composition of the deposit is 
ignored and a classic assumption on the nature of the deposit as organic is made, to enable a 
comparison with past approaches. Then, the effect of mixed inorganic-organic composition is 
introduced, gradually increasing complexity in the inorganic-to-organic deposition rate 
proportionality ratio. 
Preliminary study: Uniform deposit with assumed deposit’s conductivity (Case 0) 
When pressure drop data are unavailable, analysis of fouling rates is typically performed based on 
temperature measurements alone. Traditional approaches use lumped fouling resistances (averaged 
overall for an entire exchanger) to fit fouling models, while disregarding flow area constriction and 
any associated hydraulic effect. Once a thermal resistance has been estimated, by selecting a deposit 
thermal conductivity, it is possible to translate the thermal resistance into a deposit depth and hence, 
an estimate of pressure drops. If the assumed conductivity is incorrect, it will not be possible to 
capture both thermal and hydraulic impacts of fouling. In more advanced methods, such as that 
suggested by ref.42, the distribution and thickness of the deposit layer are accounted for, having 
assumed an organic deposit undergoing ageing. This assumption, however, relies on the common 
belief that chemical reaction fouling is the main deposition mechanism. A methodology that uses 
pressure drop predictions as a soft-sensor to narrow down the range of feasible conductivities was 
proposed 26. Whilst this method allows establishing a maximum feasible deposit conductivity, it has 
limited capabilities in determining the conductivity with some precision, especially if the thermal 
impact of fouling is not severe. The case study in 26 still assumed a fully organic deposit. However, as 
in the case study presented here, the deposit may contain significant amounts of inorganics.  
First, the potential error is established in the pressure drops predicted when temperatures alone, or 
pressure drops alone, are used to fit fouling models in isolation, with this organic assumption. 
Typically, it is assumed that a deposit is only composed of organic material (𝑝𝑖𝑛𝑜𝑟𝑔 = 0) with a 
standard literature conductivity, λl = 0.2 Wm-1K-1, at all times (organic deposit, with no ageing). Two 
cases are presented: fouling parameters fitted to temperature measurements (the usual approach, 
labelled Case 0T), and fitted to pressure drop measurements (labelled Case 0P). 
a) Organic deposit and model fitted to temperature measurements (Case 0T) 
Estimation of the fouling parameters was carried out using the tube-side outlet temperatures as 
measurements. Results (Figure 4) indicate good agreement between predicted and measured outlet 
temperatures, as expected. The predicted pressure drops, however, diverge significantly from the 
measurements. At the end of the period, the difference is in excess of 2.2 bar, that is, the predicted 
pressure drop is only about one half of the measured one. This confirms that, in the absence of 
pressure drop measurements, the standard methodology assuming an organic deposit could be applied 
successfully to fit the thermal data. However, the pressure drop would have been highly under-
predicted, leading to considerably wrong results if used as a basis for design or operating decisions. 
b) Organic deposit and model fitted to ∆P measurements (Case 0P) 
Similarly, estimation of the fouling parameter was performed using the pressure drop 
measurements, assuming an organic deposit. As can be seen from the overlay chart in Figure 5, the 
trend in ∆P is generally well captured, although with some disagreement during the peaks in pressure 
drop starting from day 150 (corresponding to the peak in the main deposition rate identified with 
arrow 2 in Figure 3a). However, the predicted outlet temperature is significantly lower than that 
predicted using the average apparent conductivity. The residual varies between about 24ºC (maximum 
value) to about 10ºC at the end of the period. Thus, assuming a typical organic deposit lead to 
significant deviations in the prediction of thermal performance. The importance of this deviation 
should be evaluated in the context of the large costs associated with a drop in the inlet temperature at 
the furnace: a 1ºC drop is worth approximately £0.25M per annum for a 100,000 bbl per annum 
refinery 42.  
These results confirm the need for taking into account proper conductivity estimates that account 
for the presence of inorganics, so as to capture the impact of fouling on both thermal and hydraulic 
heat exchanger performance, as shown in the next sections. 
Uniform mixture approximation (Case A) 
In this section, the presence of inorganics is accounted for by considering the increased 
conductivity they cause. However, the deposit is still assumed to have a uniform composition (hence, 
conductivity).  The fouling rate is described according to the relative deposition model (1) (Eq. 5). 
The deposit conductivity is assumed to be the average apparent thermal-conductivity of the deposit, 
found to be 0.93 Wm-1K-1 in the analysis of deposit state for the same exchanger presented in 7. This 
average conductivity represents a mixture with 48.9wt% and 47.9wt% of inorganic matter, calculated 
with the CC and EMT conductivity model, respectively, and with the inorganics thermal conductivity 
λl = 4 Wm-1K-1. The ratio pinorg is constant and equal to 0.71 and 0.68 for the CC and EMT models, 
respectively. That is, the deposition rate of the inorganic foulant is about 70% that of the organic 
foulant at all times.  
The estimation of the unknown parameters was performed using pressure drop measurements, and 
results are shown in Table 2 (Case A). The lack-of-fit and t-test were both passed, indicating good fit 
and confidence in the estimates obtained, although there is still a strong correlation between α' and γ'. 
The trend in ∆P (Figure 6a) is generally well followed. The residuals (Figure 6b) show that the 
pressure drop is fitted within the measurement error (± 0.2 bar) for most of the time. The greatest 
disagreement coincides with the pressure drop peak (arrow 2 in Figure 3a), where the maximum 
residual is -0.8 bar. This was expected, since no special conditions of temperature or shear stress (the 
operating conditions accounted for by the Ebert-Panchal correlation, Eq. 4) are observed in the data 
during that period. The model compensates for the errors in the acute deposition period with high 
values of α' and γ', resulting in a falling rate shape, with marked curvature in the deposit thickness 
profile (Figure 7a).   
Using a 2D distributed exchanger model, the deposit thickness is also distributed (i.e., not 
uniform) along the heat exchanger, as a result of deposition rates dependence on the local operating 
conditions. Figure 7(a) shows the evolution over time of the average deposit thickness for each of the 
2 shells and average for the exchanger as a whole. This model does not capture the acute deposition 
phase after day 150 and the following plateau in the apparent thickness (between days 200 and 350). 
Otherwise, the overall trend of the apparent thickness is followed well by the simulated one. Fouling 
in the E155A exchanger (the hottest shell) builds up faster than in E155B, which can be attributed to 
the temperature dependence imposed by Eq. (4), and also exhibits a falling-rate behaviour at an earlier 
time. At the end of the operating period, the deposit thickness is similar in both shells (2.9 mm and 2.6 
mm for E155A and E155B, respectively). Although the final extent of tube blockage is similar, most 
deposit in E155A had been formed at an earlier stage than in the E155B exchanger. This deposit 
model allows tracking the deposit age history (the time elapsed from deposition to the present time for 
every portion of the deposit). The age radial profile at the end of the investigated period (1256 days) is 
shown in Figure 7(b) for the deposit at the entrance of E155B (its coldest end) and the exit of E155A 
(its hottest end). Layers of deposit located at the same distance from the wall are older in E155A than 
in E155B, since they were deposited earlier in time. For instance, the deposit located 2.2 mm from the 
tube surface (indicated with dashed-dotted line in the figure) is 412 days old at the entrance of E155B, 
but 897 days old at the exit of E155A (almost twice the age). The visual difference between the 
deposits scraped from the two exchangers, shown in Figure 8, may be explained by variations in the 
deposit age, temperature and inorganic content.  
The tube-side outlet temperature predicted by this model is shown in Figure 9(a). The outlet 
temperature is generally under-predicted when the assumed average conductivity is lower than the 
apparent one (λave < λa), and over-predicted otherwise. This expected trend, however, changes during 
the acute deposition period: the thickness is significantly underestimated and, as a result, the heat duty 
and tube outlet temperature are over-estimated. A clearer visualization is provided by the outlet 
temperature residuals in Figure 9(b). Despite missing the acute deposition period, a satisfactory 
prediction of the outlet temperature is achieved, within ±4ºC (±2.5%) at the end of the period. 
Therefore, inclusion of the conductivity enhancement effects due to inorganics allows capturing the 
decay in both thermal and hydraulic performance, as opposed to the previous Case 0. 
This deposition model broadly captures the thickness trend over time and could hence be used to 
provide a reasonable prediction of the unit performance, as long as similar operating conditions are 
maintained. However, it is insensitive to changes in concentration of salts or other precursors that can 
influence the system significantly. The implicit assumption, if the model is used for prediction, is that 
the acute inorganic episodes will happen in a similar fashion in future operations. 
Time-varying inorganic-to-organic deposition ratio with independent mechanisms 
(Cases B, C) 
Here the relative deposition model (2) in Eq. 6 is adopted. The rate of inorganic deposition is 
assumed to be proportional to the organic deposition rate according to the time-varying 
proportionality ratio pinorg, the values of which were calculated in Section Apparent fouling rate and 
Inorganic-to-organic ratio. The same two parameters as before (α' and γ') were fitted to measured data 
with the EMT (Case B) and CC (Case C) models (Figure 3b). Results, presented in Table 2 (Case B, 
C), indicate a satisfactory statistical analysis, as before. Both lack-of-fit and t-test were met, but with 
strong correlation between parameters α' and γ'. According to the lack-of-fit test, a better fit is 
achieved with the CC model. This is clearly observed in the corresponding pressure drop overlay 
charts (Figure 10a, b) and residuals (Figure 10c, d). As with the uniform model (Case A), the residuals 
show that the fitted pressure drop is within the measurement error (± 0.2 bar) most of the time. In 
contrast to Case A, the peak in pressure drop is partially captured, as a result of the variable inorganic-
to-organic rate ratio. With EMT, only a slight improvement is achieved with respect to the uniform 
model (the maximum residual is -0.7 bar compared to the previous one of -0.8 bar). In Case C, the 
improvement is substantial, reducing the maximum residuals to ±0.5 bar throughout the 4 years of 
operation (including the period corresponding to the pressure drop peak). As the pressure drop peak is 
better captured, the organic deposition model results in lower values of parameters α' - γ', since a less 
marked curvature in the deposit thickness time profile is required to fit the data. 
As before, the model provides the distributed deposit thickness and outlet tube temperature. The 
average deposit thickness for each shell independently and for the unit as a whole are shown in Figure 
11(a, b). The apparent thickness is followed much better in Case C, as expected, in view of the 
pressure drop results, with values falling within the error bars for most of the operation period. As 
before, the deposit in E155A grows faster than in E155B but the final thickness is similar in both 
shells. The difference in fouling rate is substantial in the acute fouling period and leads to greater 
overall inorganic content in E155A at the end of the period. This is consistent with the experimental 
deposit analysis results reported in ref.7.  
The predicted vs. measured tube-side outlet temperature and the corresponding residuals are 
shown in Figure 12(a-d). The results in Case B are similar to those in Case A during the first half of 
the period but significantly improved towards the end. During the acute deposition period, the 
pressure drop is captured better in Case B than Case A but is still under-predicted. The higher deposit 
thermal-conductivity in Case B during that period compensates for the greater deposit thickness and 
leads to the same residuals in the predicted outlet temperature. In Case C, the prediction shows 
excellent agreement with the measured outlet temperature after the acute deposition period (±3ºC, ≈ 
±2%). Before that, the under-estimation of the deposit thickness, together with the higher 
conductivity, lead to similar residuals to those in Cases A and B. 
To highlight the effect of the deposition ratio model, Figure 13(a) illustrates the average organic 
deposition rate and average total deposition rate in Case B. The organic deposition rate (continuous 
line), which follows the Ebert-Panchal formulation with the estimated parameters (Eq. 4), shows an 
overall monotonic decreasing trend, with small fluctuations that depend only upon variations in shear 
stress and/or film temperature. In addition to the organic deposition, the inorganics build up according 
to the time variable value of the proportionality coefficient, pinorg. The overall contribution of the two 
components (dashed line) gives a total deposition rate that presents an overall decreasing trend, but 
includes some episodes of acute deposition. Such time profile compares well with the apparent 
deposition rate, as shown in Figure 13(b), which also demonstrates convincingly that an Ebert-
Panchal type formulation alone (Case A) cannot capture the apparent deposition rate, as it does not 
account for factors other than temperature and shear. Case B (EMT) underestimates the acute 
deposition period, whilst CC captures the acute episodes more accurately. 
The above results show that Case C (CC) provides a more accurate description of the thermo-
hydraulic impact of fouling on E155AB, with larger inorganic-to-organic ratio in the acute inorganic 
deposition periods explaining the same local conductivity. The deposit composition predicted by the 
CC model, seems to support the assumption made in this section, that the organic material deposits at 
a rate that is independent of the inorganic behaviour. This explains the better fit in this case but does 
not imply a general validation of the CC model in describing crude oil fouling. Further experimental 
data linking deposit conductivity to composition is clearly required, in particular in more controlled 
laboratory conditions, or by measuring the conductivity of an intact deposit sample on the surface 
where it was deposited.  
The fact that the pressure drop peak is not completely captured, together with the consequent 
over-estimation of the exit temperature in that period for CC, seems to indicate that the acute periods 
cannot be explained with deposition of inorganics alone, i.e. most likely there is a reinforcing 
relationship between inorganic and organic deposition, which is explored in the next section. 
Moreover, it should be noted that the imposed evolution of the local conductivity is subject to the 
uncertainty inherited from the deposit state analysis of the primary thermal-hydraulic measurements, 
especially during the initial stages, and it is certainly responsible for part of the deviation in the outlet 
temperature prediction. 
Time-varying inorganic-to-organic ratio with reinforcing interaction (Cases D, E) 
Here the relative deposition model (3) in Eq. 7 is adopted. As in the previous section, the 
inorganic pseudo-component deposition rate is assumed to be proportional to the organic deposition 
rate according to the pinorg time profile, obtained with the EMT (Case D) and CC (Case E) models 
(Figure 3b). The same parameter estimation procedure was applied with the addition of the extra 
fitting parameter, pi/o, introduced in Eq. 7, representing the organic deposition rate enhancement 
caused by inorganics. The results of the parameter estimation are shown in Table 2 (Case D, E). As 
for cases B and C above, both lack-of-fit and t-test were met, but with strong correlation between the 
parameters. With EMT (Case D), the results significantly improve compared to Case B. Figure 14 
shows the overlay chart for the tube-side pressure drop (a) and outlet temperature (b) and the 
corresponding residuals (c, d), for Case D. Here, the peak in pressure drop is partly captured and the 
quality of the fitting is comparable to that obtained with the CC model (both in Cases C and E). The 
predicted tube-side outlet temperatures and corresponding residuals are similar to those obtained in 
Case C. In Case D, the optimal estimate of the new parameter, pi/o, is 0.24 (i.e. 24%). That is, for each 
unit of inorganics that is deposited (on volume basis), 0.24 units of organic material deposits in 
addition to the amount predicted by the baseline organic deposition model (Ebert-Panchal 
formulation). This indicates a significant reinforcing effect on the organic deposition.  
With CC (Case E), the fitted pi/o is very small (1.3%) and is the only parameter that did not pass 
the t-test (Table 2). This seems to indicate that pi/o could be fixed to 0 and the reinforcing effect could 
be neglected without a significant impact on the results. Indeed, the fitted pressure drop is essentially 
the same as in Case C, as indicated by the residuals in the lack-of-fit test, leading very similar 
prediction of the outlet temperature (the time profiles are not shown). According to this model the 
deposition of inorganics barely reinforces the organic deposition. 
Figure 15(a) shows the average organic deposition rate predicted by the baseline model (black 
continuous line), the total organic deposition rate (baseline plus inorganic-promoted – grey continuous 
line) and the total deposition rate (organics plus inorganics –dashed line), in Case D. As before, the 
organic deposition rate predicted by the Ebert-Panchal formulation (with the estimated parameters), 
shows an overall monotonic decreasing trend. In addition to the organics baseline, the inorganics 
build up proportionally according to the time-varying proportionality ratio, pinorg, and promotes a 
certain amount of additional organic deposition according to pi/o. As a result, the overall organic 
deposition rate presents peaks that stand out from the underlying decreasing trend. The overall 
contribution of the two pseudo-components results in a total deposition rate that compares well with 
the apparent deposition rate, as shown in Figure 15(b). Differently from the previous section, the 
acute deposition rates are well represented by the combined organic and inorganic deposition.  
Figure 15(b) shows that Case D, which uses EMT and presents significant inorganic 
reinforcement effect, and Case E, which uses CC and presents negligible reinforcement effect, predict 
a very similar total deposition rate that seems to capture with reasonable accuracy the acute deposition 
episodes in the apparent rate moving average. 
Differently from the previous models, the perturbation from the organic baseline is due to 
deposition of inorganic-organic mixtures according to the estimated proportion, which is assumed to 
be constant. Although further understanding of the reinforcing relationships between various 
deposition mechanisms is required, these models represent an initial effort to capture and quantify 
such effect and introduce it into a fouling monitoring and analysis strategy. The approach is more 
realistic than previous models, which considered independent inorganic and organic deposition, and 
agrees better with observations in experimental studies. Nevertheless, if the reinforcing effect is small 
(as in Case E) it can be neglected and a model of the type in Eq. 6 is sufficient to represent the system. 
As before, further work is required to establish reliable structural conductivity models for crude oil 
deposits. 
DISCUSSION  
The fouling rate in a refinery heat exchanger undergoing a combined inorganic-organic deposition 
has been successfully analysed. Various relative deposition rate models have been proposed and fitted 
using flowrate, temperature and pressure drop plant measurements over a period of nearly four years, 
with excellent results.  
A preliminary analysis of the apparent net overall deposition rate showed that a non-monotonic, 
but generally decreasing, trend, with several peaks along the operating period corresponded well to 
some high conductivity deposit layers. These results supported an interpretation of alternate periods of 
slow chronic fouling (with predominant content of organic material) and acute fouling periods with 
fast salt deposition. Based on these results, the deposition history over the 4 years of operation was 
reconstructed. It was concluded that the succession of key events included: i) an initial period of 
mixed inorganic (with moderate content) and organic deposition; ii) a short period of acute fouling 
with high inorganic content; iii) a slow fouling deposition, due to high shear, with increasing 
proportion of organic matter and some short periods of faster (but less severe than in ii) inorganic 
fouling.  
The results presented here indicate that the proportionality ratio approach, initially suggested in a 
simulation study in ref.24 to model the mixed inorganic-organic deposition rate, works well in practice 
with typical plant data. A baseline for the organic deposition rate is first calculated, for which a 
version of the Ebert-Panchal model was assumed. The inorganic deposition is then regarded as a 
disturbance from that baseline and assumed to follow a proportionality ratio, which was extracted 
from the dynamic analysis of fouling state presented in ref.7. The approach presented in ref.24 was 
extended here to incorporate a series of organic/inorganic deposition models of increasing 
sophistication. These progressively introduced more degrees of freedom (in mathematical terms) 
enabling the incorporation (in physical terms) of more complex interactions between organic and 
inorganics deposition rates. Only the adjustable parameters in the Ebert-Panchal correlation (i.e. the 
baseline organic deposition rate parameters) were fitted to the plant data. An advantage of this 
approach is that it permits fitting a deposition rate for inorganic-organic mixtures that only depends on 
temperature and shear stress and does not require additional information such as concentration of 
fouling precursors in the bulk of the oil stream. It was also shown that models which assume organics 
deposition on their own, on the other hand, have limited prediction capabilities, while including a 
“disturbance” from such baseline due to inorganics leads to good fit and predictions of both thermal 
and hydraulic data. Estimation of fouling parameters was performed by fitting the model to pressure 
drop data rather than the commonly used thermal information. Temperatures were used to assess and 
validate the model predictions.  
First, it was shown that neglecting deposit composition and estimating fouling parameters from 
purely thermal data, as is traditionally done, while assuming a typical organic deposit (0.2 Wm-1K-1) 
resulted in evident failure to simultaneously capture the decay in thermal and hydraulic performance. 
The deposit was then assumed to be a uniform organic-inorganic mixture with constant, but greater, 
conductivity. This model provided a good fit of the pressure drop and a reasonably good prediction of 
the tube outlet temperature. Results demonstrate the need for considering the increased conductivity 
due to the presence of inorganics in order to explain the decay in both thermal and hydraulic 
performance as fouling builds-up. However, this deposition model could not capture the acute 
deposition period, as expected, since the resulting deposition rates do not take into account crude oil 
composition effects.  
The use of a time-varying inorganic-organic deposition proportionality ratio (pinorg), obtained from 
an independent, data driven dynamic fouling state analysis, enabled capturing different fouling 
propensity of organic and inorganic species over time. Two alternative hypotheses, proposed in the 
literature, were tested whereby the organic deposition rate is either independent of the presence of 
inorganics or is reinforced by it. The first hypothesis (relative deposition model 2) could represent 
deposition mechanisms related to factors such as desalting performance, water injection, brine 
chloride hydrolysis, caustic injection, and asphaltenes solubility. The second hypothesis (relative 
deposition model 3), could represent additional reinforcing interactions on the overall organic 
deposition rate arising, for example, by the effect of formation of insoluble associations (e.g. CaCO3 
surrounded by asphaltene molecules). The case study showed that both these models could 
substantially capture the acute deposition periods of a problematic exchanger over a four-year period 
of operation, providing an excellent fit of the pressure drop data and prediction of thermal 
performance over the entire period. Further fundamental work is necessary to clarify if and to which 
extent there is a reinforcement interaction between organic and inorganic deposition. Nevertheless, 
the approach presented permits taking into account such effects, described in experimental studies, in 
a pragmatic way. 
Access to good quality temperature and pressure drop measurements is needed in order to exploit 
this integrated data and model-based analysis approach to crude oil fouling monitoring. Pressure drop 
measurement are not always available, but their addition has been recognised in industry as being 
very useful57. Resolution between alternative structural conductivity models for crude oil deposits and 
development of more precise deposition models from mixed organic/inorganic crudes (and role of 
salts) would also be a useful addition. It is suggested that these activities should be carried out in well 
designed and controlled laboratory experiments. 
CONCLUSIONS 
A framework and methodology for plant data analysis26 was applied to an industrial case study of 
a heat exchanger located in between the desalter and the flash dram of a refinery preheat train. The 
framework was extended to include various relative deposition rate models. This paper focused on the 
analysis of fouling rates and the results built on a previous analysis of the fouling state7. All results 
were obtained from analysis of a set of operating data of typical extent and quality, comprising 
pressure drop measurements across the exchanger, in addition to flowrate and temperature.  
An analysis of the apparent deposition rates led to the following conclusions: 
1. Fouling seemed to follow alternate periods of slow chronic fouling (mostly organic) and fast 
salt deposition. This was well identified using a time-varying inorganic-to-organic 
proportionality ratio. 
2. The inorganic deposition could be related to inorganics breakthrough from the desalter at 
particular periods. However, the data available were not sufficient to unequivocally verify this 
hypothesis. The gradual lower intensity of these peaks could be related to the increasing shear 
stress as the deposit builds-up.  
Several relative deposition rate models were tested by fitting the models to pressure drop data and 
testing the predicted results against the measured outlet temperature, leading to the following 
conclusions: 
1. A fouling model fitted to temperatures with a typical assumption on the thermal-conductivity 
of crude oil deposits (as is the current practice) would lead to a significant underestimation of 
the pressure drop. 
2. The decay in both thermal and hydraulic performance could only be captured when 
considering the increased conductivity due to the presence of inorganics (obtained in the 
preliminary analysis of the fouling state).  
3. The imposition of a time-varying inorganic-to-organic deposition ratio, obtained from plant 
data, results in an improved fitting of the pressure drop, capturing well the acute fouling 
periods. 
4. The resulting model predicts the chronic organic fouling baseline and detects inorganic 
deposition as a perturbation from that baseline. 
The introduction of composition (as aggregate organic and inorganic pseudo-components) into the 
description of the crude oil fouling deposition rates, including reinforcing effects, and the use of 
pressure drop measurements to fit such models are, to the authors’ knowledge, novel contributions to 
the literature. 
The approach presented represents a highly promising new way to combine advanced 
deterministic thermo-hydraulic models and data driven analysis in monitoring fouling and supporting 
the development of soft-sensors for early detection of inorganics. It allows decoupling organic fouling 
from inorganic acute deposition, which often have very similar effects on thermal performance. The 
method may be used to predict the base-line deposition of organic material and then monitor, by 
comparison with properly analysed thermo-hydraulic plant measurements, the amount of inorganics 
that may also be depositing at each time. That is, inorganic deposition is viewed as a perturbation 
from a reliably predicted base line. This allows an early detection of acute deposition periods, an early 
diagnosis of the likely causes and supports remedial decision making.  
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NOMENCLATURE 
𝐴 = Flow area, m2 
𝑐 = Mass concentration, kg m-3 
𝐶𝐶 = Co-continuous 
𝐶𝑓 = Friction factor, - 
𝐶𝑝 = Specific heat capacity, J kg
-1 K-1 
dir = Direction of flow, - 
𝐸𝑓 = Fouling deposition activation energy, J mol
-1 
𝐸𝑀𝑇 = Effective media theory 
ℎ = Heat transfer coefficient, J m2K-1 
𝐻 = Specific enthalpy, J kg-1 
𝐿 = Tube length, m 
?̇? = Mass flowrate, kg s-1 
𝑛𝑓,𝑖 = Fouling rate of component i, kg m
-2 s-1 
𝑁𝐶 = Number of components 
𝑁𝑝 = Number of tube passes 
𝑁𝑅 = Number of reactions 
𝑝 = Perimeter, m 
𝑃 = Pressure, Pa 
𝑃𝐷𝑃𝐹 = Post-desalter pre-flash drum 
𝑝𝑖𝑛𝑜𝑟𝑔 = Inorganic-to-organic deposition rate ratio of component i, - 
𝑝𝑖/𝑜 = Adjustable parameter, - 
𝑃𝑟 = Prandtl number 
𝑄 = Heat duty, W 
𝑞" = Heat flux, W m-2 
𝑅 = Tube radius, m 
𝑅𝑓𝑙𝑜𝑤 = Flow radius, m 
𝑅𝑒 = Reynolds number 
𝑅𝑓 = Fouling resistance, m
2 K W-1 
𝑅𝑔 = Ideal gas constant, J mol
-1 K-1 
𝑟 = Radial coordinate, m 
?̃? = Dimensionless radial coordinate, - 
𝑟𝑗 = Rate of reaction j, kg m
-3 s-1 
𝑇 = Temperature, K 
𝑇𝑓𝑖𝑙𝑚 = Tube-side film temperature, K 
𝑡 = Time, s  
𝑢 = Linear velocity, m s-1 
𝑥 = Volume fraction, m3 m-3 
𝑧 = Axial coordinate, m 
Greek letters 
𝛼′ = Deposition constant, kg m-2 s-1 
𝛾′ = Removal constant, kg m-2 s-1 Pa-1 
𝛥𝑃 = Pressure drop, Pa 
𝛿 = Fouling layer thickness, m 
 = Error residual 
𝜌 = Density, kg m-3 
𝜎 = Standard deviation 
𝜆 = Thermal conductivity, W m-1 K-1 
𝜈𝑖,𝑗 = Stoichiometric coefficient for component i in reaction j. 
𝜏𝑤 = Wall shear stress, N m
-2 
𝛺 = Spatial domain 
Subscripts 
𝑎 = Apparent 
𝑎𝑣𝑒 = Average 
𝑒𝑓𝑓 = Effective 
𝑓 = Fouling 
𝑖 = Component number, inner radius 
𝑖𝑛 = Inlet 
𝑖𝑛𝑜𝑟𝑔 = Inorganic 
𝑗 = Reaction number 
𝑙 = Fouling layer 
𝑜 = Outer 
𝑜𝑟𝑔 = Organic 
𝑜𝑢𝑡 = Outlet 
𝑟𝑒𝑓 = Reference 
𝑡 = Tube-side  
𝑠 = Shell-side  
𝑤 = Tube wall 
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Table 1. Main equations of the model  
 










(𝑧) − 𝑇𝑛(𝑧)) 
 ℎ𝑛(𝑧) calculated by Sieder-Tate correlation 
46 
Overall heat 

































ℎ𝑠(𝑧) calculated with Bell-Delaware method 
45 
Tube wall (Ωw) 



























































Local Conductivity  
EMT   
0 = 𝑥𝑙,𝑜𝑟𝑔
𝜆𝑜𝑟𝑔 − 𝜆𝑙(𝑧, ?̃?𝑙)
𝜆𝑜𝑟𝑔 + 2𝜆𝑙(𝑧, ?̃?𝑙)
+ 𝑥𝑙,𝑖𝑛𝑜𝑟𝑔
𝜆𝑖𝑛𝑜𝑟𝑔 − 𝜆𝑙(𝑧, ?̃?𝑙)
𝜆𝑖𝑛𝑜𝑟𝑔 + 2𝜆𝑙(𝑧, ?̃?𝑙)
 
Co-continuous    
𝜆𝑙(𝑧, ?̃?𝑙) =




Table 2: Estimation of reference deposition rate model parameters  
Case 








pi/o  α' γ' pi/o α'- γ' α'- pi/o γ'- pi/o 
A 
≈0.7 (λl = 0.93 
Wm-1K-1) 




0.92 ± 0.02 1.83 ± 0.07 - 1005 839 27 - 0.98* - - 




0.55 ± 0.05 0.93 ± 0.13 
0.24 ± 
0.01 




0.66 ± 0.06 1.13 ± 0.15 
0.013 ± 
0.015 
766 198 7.6 0.9** 0.99* -0.97* -0.93 
Reference value for statistics 1266 1.646  




Figure 1. Apparent thickness and thermal-conductivity. Error bars represent ±2σ. Adapted with 




Figure 2. Calculated inorganic content radial profile (a) and corresponding deposition rate ratios (b) 
for EMT and CC conductivity models. Figure (a) adapted with permission from 7. 
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Figure 3: (a) Apparent deposition rate over time (dots) and moving average (continuous line); (b) 
inorganic-to-organic fouling rate ratio (from Figure 2b); (c) Salt content in crude oil 






























































95% Confidence interval, upper bound











































Figure 4: Case 0T - Estimation based on temperatures assuming organic fouling. Measured vs. fitted 
tube outlet temperature and measured vs. predicted pressure drop. 
 
Figure 5: Case 0P - Estimation based on pressure drop assuming organic fouling. Measured vs. 






Figure 6: Case A - Estimation with uniform pinorg: measured vs. fitted pressure drop (a) and residuals 






Figure 7: Case A - Uniform pinorg: (a) Average thickness (for each shell and average), apparent 
thickness, apparent conductivity and fixed average conductivity; (b) Age of deposit at the 








Figure 8: Scraped tube-side deposit for hotter shell E155A (a), colder shell E155B (b). Reprinted 








Figure 9: Case A - Uniform pinorg: Predicted tube outlet temperature vs. measurements (a) and 











Figure 10: Cases B and C - Estimation with time-varying pinorg with EMT and CC models:  measured 
versus fitted pressure drop (a and b, respectively) and corresponding residuals (ε = 





Figure 11: Cases B and C - Time-varying pinorg with EMT (a) and CC (b) models: Average thickness 









Figure 12: Cases B and C - Time-varying pinorg with EMT and CC models:  measured versus 
predicted tube-side outlet temperature (a and b, respectively) and corresponding residuals 
(ε = simulated – measured) (c and d, respectively). 
 
(a) (b) 
Figure 13: (a) Organic deposition rate and total deposition rate in Case B; (b) Comparison of average 

























































Figure 14: Case D - Time-varying pinorganic and reinforcing effect with EMT: measured vs. fitted 
pressure drop (a), measured vs. predicted tube-side outlet temperature (b), and 
corresponding residuals (ε = simulated – measured) (c) and (d), respectively. 
 
(a) (b) 
Figure 15: (a) Organic deposition rate (baseline and total) and total deposition rate in Case D; (b) 
Comparison of average net deposition rate for Cases D and E with apparent deposition 
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